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Activation of proteases in the phagosomes of neutrophils occurs by neutralization of the 
phagosomal pH by NADPH oxidase. In this issue, Savina et al. (2006) show that dendritic cell 
phagosomes also recruit NADPH oxidase but with different results. Here, the neutralization 
of phagosomal pH reduces protease activity, which preserves antigens for crosspresenta-
tion on class I MHC molecules.Proteolysis is an important process 
in the adaptive immune response. T 
lymphocytes recognize proteolytic 
fragments of antigens (epitopes) 
that become lodged in the peptide 
binding grooves of class I and class 
II MHC molecules on the surface of 
antigen-presenting cells such as 
dendritic cells. However, important T 
cell antigens can also be destroyed 
by the same processing systems that 
create these epitopes. Now Savina 
and colleagues (2006) show that 
antigen crosspresentation by den-
dritic cells is promoted by the attenu-
ation of the proteolytic environment 
found in phagosomes. Intriguingly, 
dendritic cells appear to recruit the 
assistance of NADPH oxidase, the 
enzyme that contributes to the innate 
microbicidal function of neutrophils.
Antigen crosspresentation is an 
important variant on the two canoni-
cal antigen-processing pathways of 
dendritic cells: (1) the presentation of 
endogenous antigens on class I MHC 
molecules to CD8+ T cells and (2) the 
presentation of exogenous antigens 
(that is, those taken up by endocy-
tosis) on class II MHC molecules for 
scrutiny by CD4+ T cells. This division 
of labor leaves unsolved the problem 
of how CD8+ T cells are activated in 
response to viruses that do not infect 
dendritic cells (that is, where there 
is no endogenous protein source to 
provide class I MHC peptides). Anti-
gen crosspresentation offers a solu-
tion by permitting, in dendritic cells 
and some macrophages, access 
of exogenous antigens to the class 
I MHC peptide-loading machinery 
(reviewed in Ackerman and Cress-well, 2004). These antigens are 
normally phagocytosed and may 
be partially degraded before being 
transported to the cytosol where 
they are further broken down. They 
are then taken up by the endoplas-
mic reticulum (ER) where they are 
loaded onto MHC class I molecules 
to be transported to the cell surface. 
Exactly how this is achieved is still 
not fully resolved but one thing is cer-
tain, incoming antigens must avoid 
complete destruction by endosomal/
phagosomal processing enzymes 
and must reach the cytosol where 
the relevant proteasomal processing 
system is located.
Earlier work illustrated the destruc-
tive potential of the proteolytic 
enzymes of the endosome/lysosome 
system on class II MHC-restricted 
antigen presentation. Compared with 
macrophages, dendritic cells express 
lower levels of lysosomal enzymes 
and consequently endocytosed anti-
gens persist for longer in these cells 
(Delamarre et al., 2005). The latter 
study also showed that a proteo-
lytically resistant version of a model 
antigen was a better immunogen 
than a proteolytically sensitive one. 
In another study, liberation of T cell 
epitopes from the antigen myoglobin 
was shown to require aspartyl pro-
tease activity. Yet, surprisingly, 
genetic removal of cathepsin D, the 
major aspartyl protease, improved 
rather than hindered presentation. A 
second aspartyl protease, most likely 
cathepsin E, provided an attenuated 
level of processing activity closer to 
the optimum for this antigen (Moss 
et al., 2005). These and other studies Cell 12show that attenuated proteolysis can 
improve the display of class II MHC 
peptides by reducing the likelihood 
that antigens will be destroyed before 
finding a safe haven in the class II 
MHC groove. This is likely to be true 
for antigen crosspresentation as the 
same endosome/phagosome sys-
tem has to be negotiated. Neutraliza-
tion of the endosomal/phagosomal 
pH improved antigen crosspresen-
tation in macrophages (Norbury et 
al., 1995). This is because most of 
the enzymes (such as cathepsins) 
that populate these compartments 
have acidic pH optima. Savina and 
colleagues (2006) now show that 
neutralization of phagosomes also 
improves crosspresentation in den-
dritic cells.
First, the authors noted that the 
phagosomes of dendritic cells main-
tained a neutral, even slightly alkaline 
pH in contrast to macrophage phago-
somes, which become acidified rap-
idly (Savina et al. 2006). Remarkably, 
this elevated pH was maintained for 
several hours in dendritic cell phago-
somes, a task made easier because 
the proton pumping ATPase only 
becomes fully coupled and efficient 
as dendritic cells become activated 
by microbial products (Trombetta 
et al., 2003). A precedent for alka-
linization of the vacuolar compart-
ment exists in neutrophil biology. 
Following phagocytosis of bacteria, 
acidic neutrophil granules—contain-
ing proteases such as neutrophil 
elastase and cathepsin G—fuse with 
the phagosome membrane. Activa-
tion of these enzymes, which in large 
part mediate microbicidal activity, 6, July 14, 2006 ©2006 Elsevier Inc. 17
requires their release from a poly-
anionic matrix and neutralization 
of the acidic granule pH. The latter 
is achieved, at least in part, by the 
consumption of H+ by superoxide 
(O2
−) generated in the phagosome 
lumen via the NADPH oxidase com-
plex (Segal, 2005). Dendritic cells are 
known to express the subunits of the 
NADPH oxidase although 
at much lower levels than 
in neutrophils. Savina et 
al. (2006) proposed that 
phagosome neutralization in 
dendritic cells might involve 
NADPH oxidase, and this 
turned out to be the case. 
Components of the oxidase 
are recruited to the phago-
somes of dendritic cells 
and reactive oxygen spe-
cies (ROS) are generated 
in the phagosome lumen to 
neutralize the pH. Moreover, 
dendritic cell phagosomes 
sustained ROS production 
for several hours in con-
trast to macrophages where 
only a transient burst was 
detected. Most importantly, 
dendritic cells lacking a key 
membrane component of the 
oxidase, gp91phox, failed to 
alkalinize their phagosomes 
and as a consequence 
degraded a phagocytosed 
antigen substrate more rap-
idly. As a result, crosspre-
sentation of a peptide from 
ovalbumin was much less efficient in 
gp91-deficient dendritic cells com-
pared with wild-type dendritic cells. 
Coadministration of protease inhibi-
tors improved presentation by gp91-
deficient dendritic cells.
The findings of Savina et al. (2006) 
raise several new questions. For 
example, can gp91-deficient mice 
mount effective antiviral and anti-
tumor class I MHC responses that 
frequently depend on antigen cross-
presentation? Also, given that solu-
ble nonparticulate antigens entering 
cells via other endocytic pathways 
can be crosspresented on dendritic 
cell class I MHC molecules (reviewed 
in Ackerman and Cresswell, 2004), 
are the attenuating effects of NADPH 
oxidase limited to phagocytosed 
antigens? The authors show that a 
soluble form of ovalbumin targeted 
to dendritic cells in vivo was also 
presented less efficiently in mice 
lacking gp91, suggesting that the 
oxidase may also improve the han-
dling of nonphagocytosed antigen 
substrates.
It will also be interesting to exam-
ine class II MHC-restricted antigen 
presentation in gp91phox-deficient 
dendritic cells. The class II MHC-
restricted antigen-processing sys-
tem requires endosomal/phago-
somal proteolysis both to generate 
suitable peptides and to remove the 
dedicated class II MHC chaperone 
invariant chain. Most of the enzymes 
linked to class II MHC-restricted 
antigen processing are inactive at 
pH7.5, at least in vitro. Therefore, 
responsibility for generating class 
II MHC epitopes under these con-
ditions would be handed over to 
enzymes like cathepsin S, which 
remains stable and active at neutral 
pH and that appears to be prefer-
entially delivered to newly formed 
phagosomes (Lennon-Dumenil et 
al., 2002). Interestingly, cathepsin S 
is the only vacuolar enzyme so far 
reported to be required for crosspre-
sentation of phagocytosed antigens, 
although crucially this study focused 
on a distinct mode of vacuolar cross-
presentation (Shen et al., 2004).
A potential solution to 
the somewhat opposing 
demands of crosspresen-
tation on class I MHC and 
presentation on class II MHC 
may be found in the intrinsic 
heterogeneity of phagosome 
maturation. Individual matur-
ing phagosomes showed 
strikingly different kinetics 
of phosphatidylinositol 3-
phosphate (PI(3)P) accumu-
lation and decay even within 
the same macrophage and 
alongside rather uniform 
kinetics for recruitment of 
other markers of phago-
some maturation, such as 
Rab7 and LAMP1 (Henry et 
al., 2004). Because PI(3)P is 
required for the recruitment 
of the NADPH-oxidase sub-
units p40phox and p47phox, 
this strongly predicts het-
erogeneous recruitment of 
the oxidase to phagosomes 
(Henry et al., 2004). Thus, 
differential recruitment of 
NADPH oxidase and the 
vacuolar ATPase to indi-
vidual phagosomes may ensure a 
mixed population of phagosomes 
exhibiting a range of pH values. In 
this case, class II MHC presenta-
tion would be favored in the more 
acidic (more vacuolar ATPase than 
NADPH-oxidase activity) phago-
somes, and crosspresentation on 
class I MHC would be favored in 
the phagosomes with a pH closer to 
neutral (more NADPH-oxidase than 
vacuolar ATPase activity).
Exposure to microbial stimuli such 
as lipopolysaccharide (LPS) trig-
gers various improvements in the 
performance of dendritic cells as 
antigen presentation cells includ-
ing enhanced crosspresentation 
of antigen (reviewed in Trombetta 
Figure 1. Phagosomal pH and Protease Activity
Acidification of phagosomes in neutrophils and dendritic cells oc-
curs by fusion with acidic granules and through activity of the vacu-
olar ATPase, respectively. Both cells recruit NADPH oxidase to neu-
tralize their phagosomes. Recruitment of NADPH-oxidase subunits 
(blue) and the vacuolar ATPase is modulated by phosphoinositides 
(such as PI(3)P) and phosphorylation events. Superoxide dismu-
tation and other ion fluxes are omitted for simplicity. Phagosome 
neutralization activates neutrophil serine proteases (e.g., cathepsin 
G) but reduces activity of most dendritic cell cysteine and aspartyl 
proteases (e.g., cathepsin D). Neutralization of the pH of dendritic 
cell phagosomes is important for antigen crosspresentation.18 Cell 126, July 14, 2006 ©2006 Elsevier Inc.
and Mellman, 2005). However, 
endosome acidification is also 
enhanced by LPS-induced matura-
tion (Trombetta et al., 2003), which, 
according to the results of Savina 
et al. (2006), should conspire 
against improved crosspresenta-
tion. There are probably a number 
of explanations for this apparent 
discrepancy including the fact that 
NADPH-oxidase activity is also 
boosted in dendritic cells following 
LPS-driven maturation (Vulcano et 
al., 2004).
It is striking that neutrophils and 
dendritic cells recruit the same 
alkalinizing NADPH oxidase sys-
tem to modulate protease activity 
in opposite directions for innate 
and adaptive immune purposes, 
respectively. In neutrophils the sys-
tem is used, alongside other ion 
fluxes, to activate the granule pro-
teases that mediate microbe killing. 
In contrast, dendritic cells use the 
same strategy to inactivate pro-
teases that, for the most part, are 
not needed and may be deleterious 
for antigen crosspresentation (see Riboswitches are transcripts that 
sense metabolites. Since their dis-
covery four years ago (Mironov et 
al., 2002; Winkler et al., 2002), this 
new field has revealed the existence 
of a dozen riboswitches that regu-
late over 3% of all bacterial genes. 
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emerging field.Figure 1). These opposite effects 
are achieved because different 
sets of proteases are used by neu-
trophils and dendritic cells with dif-
ferent pH optima.
Finally, patients with chronic gran-
ulomatous disease have genetic 
defects in NADPH oxidase with about 
65% lacking functional gp91 (Segal, 
2005). The Savina et al. findings sug-
gest that the immunopathology of 
this condition might extend beyond 
the well-documented deficiency in 
neutrophil function—which leads to 
persistent bacterial and fungal infec-
tions—to involve defects in antiviral 
T cell responses, most of which are 
likely to depend on class I MHC-
restricted viral antigen crosspresen-
tation (Bevan, 2006).
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making process by adopting one 
of two alternative conformations in 
response to ligand-induced changes 
in the sensor domain (Nudler and 
Mironov, 2004; Mandal and Breaker, 
2004). For example, depending on 
the configuration of the expression 
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